Interference-Free Broadband Single- and Multi-Carrier DS-CDMA by Hua, W. et al.
IEEE Communications Magazine • February 2005 68 0163-6804/05/$20.00 © 2005 IEEE
MULTIPLE ACCESS TECHNOLOGIES FOR
B3G WIRELESS COMMUNICATIONS
H. Wei, L.-L. Yang, and L. Hanzo, Univ. of Southampton
Interference-Free Broadband
Single- and Multicarrier DS-CDMA
INTRODUCTION
In direct sequence code-division multiple access
(DS-CDMA) systems, the spreading sequences
characterize the associated intersymbol interfer-
ence (ISI) as well as the multiple access interfer-
ence (MAI) properties [1]. Traditional spreading
sequences, such as m-sequences [1], Gold codes,
[1] and Kasami codes [1], exhibit non-zero off-
peak auto-correlations and cross-correlations,
which results in high MAI in asynchronous
uplink transmissions. Another family of orthogo-
nal codes is constituted by Walsh codes [1] and
orthogonal Gold codes, which do retain their
orthogonality in case of perfect synchronization,
but also exhibit non-zero off-peak auto-correla-
tions and cross-correlations in asynchronous sce-
narios. Consequently, these correlation
properties limit the achievable performance in
asynchronous scenarios. Hence, traditional DS-
CDMA cellular systems are interference limited
and suffer from the so-called near-far effects
unless complex interference cancellers [1] or
multi-user detectors [1] are employed to combat
these adverse effects. This results in costly and
“power-hungry” implementations. All these limi-
tations are imposed by the imperfect correlation
properties of the spreading sequences employed.
Hence, considerable research efforts have
been invested in designing spreading sequences
that exhibit zero correlation values when the rela-
tive delay-induced code offset is in the so-called
zero correlation zone (ZCZ) or interference-free
window (IFW) of the spreading code. The attrac-
tive family of large area synchronized (LAS)
CDMA spreading sequences is constituted by the
combination of the so-called large area (LA)
codes [2–4] and loosely synchronous (LS) codes
[5]. The resultant LAS codes exhibit an IFW
where the off-peak aperiodic autocorrelation val-
ues as well as the aperiodic cross-correlation val-
ues become zero, resulting in zero ISI and zero
MAI, provided that the time offset of the codes is
within the IFW. Figure 1 characterizes the corre-
lation properties of traditional spreading code
and LAS code. Li [2, 6] proposed the employ-
ment of so-called LAS codes, which exhibit zero
auto-correlation and cross-correlation in a limit-
ed-offset range of [–ι, ι]-chips. More specifically,
interference-free CDMA communications become
possible when the total time offset expressed in
terms of the number of chip intervals, which is
the sum of the time offset of the mobile terminals
plus the maximum channel-induced delay spread,
is within the designed IFW. In order to ensure
that the relative time offsets between the codes
are within the IFW, the mobiles are expected to
operate in a quasi-synchronous manner. In case
of high transmission-delay differences, accurate
timing advance control has to be used [7]. Provid-
ed that these conditions are satisfied, a major
benefit of the LAS codes is that they are capable
of achieving near-single-user performance without
multi-user detectors.
The goal of this contribution is to provide an
overview of LAS-code-assisted single-carrier DS-
CDMA (SC LAS DS-CDMA) and multicarrier
DS-CDMA (MC LAS DS-CDMA) systems. We
illustrate the basic philosophy of the generation
of LAS codes. Then we characterize the achiev-
able performance of SC LAS DS-CDMA, while
we highlight the problems encountered in a
high-chip-rate scenario. We invoke an MC LAS
DS-CDMA system for the sake of circumventing
the problems of SC LAS DS-CDMA and charac-
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The choice of the direct sequence spreading
code in DS-CDMA predetermines the properties
of the system. This contribution demonstrates
that the family of codes exhibiting an interfer-
ence-free window (IFW) outperforms classic
spreading codes, provided that the interfering
multi-user and multipath components arrive
within this IFW, which may be ensured with the
aid of quasi-synchronous adaptive timing
advance control. It is demonstrated that the IFW
duration may be extended with the advent of
multicarrier DS-CDMA proportionately to the
number of subcarriers. Hence, the resultant MC
DS-CDMA system is capable of exhibiting near-
single-user performance without employing a
multi-user detector. A limitation of the system is
that the number of spreading codes exhibiting a
certain IFW is limited, although this problem
may be mitigated with the aid of novel code
design principles.
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terize its achievable performance. Finally, we
offer our conclusions.
OVERVIEW OF LAS CODES
LA CODES
LA codes [2, 3] belong to a family of ternary
codes having elements of ±1 or 0. Their maxi-
mum correlation magnitude is unity and they
also exhibit an IFW. Let us denote the family of
the K number of orthogonal ternary codes
employing K number of binary ±1 pulses by
LA(LA, M, K), which exhibit a minimum spacing
of M chip durations between non-zero pulses,
while having a total code length of LA chips, as
shown in Fig. 2. All the codes corresponding to
an LA code family share the same legitimate
pulse positions. However, a specific drawback of
this family of sequences is their relatively low
duty ratio, quantifying the density of the non-
zero pulses, since this limits the number of codes
available and hence the number of users sup-
ported.
LOOSELY SYNCHRONIZED CODES
Apart from the LA codes from an earlier sec-
tion, there exists another specific family of
spreading codes that also exhibits an IFW.
Specifically, LS codes [3, 5] exploit the proper-
ties of the so-called orthogonal complementary
sets [3, 5]. To expound further, let us introduce
the notation of LS(N, P, W0) for denoting the
family of LS codes generated by applying a (P ×
P)-dimensional Walsh-Hadamard (WH) matrix
to an orthogonal complementary code set of
length N, as exemplified in the context of Fig. 3.
More specifically, we generate a complementary
code pair inserting W0 number of zeros both in
the center and at the beginning of the comple-
mentary pair, as shown in Fig. 3a, using the pro-
cedure described in [3, 5].
SEEDING LS CODES IN
LA CODES TO GENERATE LAS CODES
We observed earlier that the main problems
associated with applying LA codes in practical
CDMA systems are related to their low duty
ratio and the resultant small number of available
codes. A specific family of LAS codes mitigates
this problem by combining the LA codes and LS
codes of an earlier section. More specifically, LS
codes are inserted between the non-zero pulses
of the LA code sequence of Fig. 2, in an effort
to generate an increased number of spreading
codes with an increased duty ratio, while main-
taining attractive correlation properties. For
example, in the LAS-2000 system [8], the LS
spreading codes are inserted into the LA code’s
zero space, as shown in Fig. 4.
PERFORMANCE OF
SC LAS DS-CDMA
In this section we characterize the achievable
performance an SC LAS DS-CDMA system. All
the users were assumed to communicate in a
quasi-synchronous manner, where the maximum
delay difference τmax is assumed to be 2Tc. The
nnnn Figure 2. Stylized pulse-positions in the LA(LA,M,K) code having K number
of binary ±1 pulses, and exhibiting a minimum spacing of M chip durations
between non-zero pulses, while having a total code length of LA chips.
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channel was assumed to be a Nakagami-m chan-
nel [1] having a negative exponential multipath
intensity profile (MIP) decay factor of η = 0.2
and Lp number of resolvable multipath compo-
nents. The channels encountered by the users
were assumed to be slowly varying frequency-
selective fading channels, and their channel-
induced delay spreads were assumed to be
limited to the range of [Tm, TM], where Tm cor-
responds to the minimum delay spread consid-
ered, experienced, for example, in an indoor
environment. By contrast, TM is associated with
the maximum possible delay spread, as in an
urban area. The channel’s delay spread was
assumed to be negative exponentially distributed
in the range of [0.3,3] µs [9], and we assumed
that both the random-spreading-code-based
benchmarker scheme and LAS-code-based sys-
tem have a chip rate of 1.2288 Mchips/s; hence,
the number of resolvable paths [1] is
where we assume TM = 3 µs. By contrast, when
the chip rate was increased to 3.84 Mchips/s, Lp
would increase to 12. At the receiver end a
RAKE receiver is employed, which is capable of
combining a maximum of Lr number of paths
due to its complexity limitation. Furthermore,
the number of users supported was K = 32 and
the width of the IFW was ι = 3Tc for the LAS-
CDMA system considered.
Figure 5 portrays the performance of the ran-
dom-spreading-code-based benchmarker and
that of the LAS-code-based system communicat-
ing over different fading channels associated
with different Nakagami fading parameters.
More explicitly, when we have m = 1, we model
a Rayleigh fading channel; m = 2, for example,
represents a Rician fading channel; while m →∞
corresponds to an AWGN channel. We can
observe from Fig. 5 that the LAS-CDMA system
exhibited significantly better bit error rate (BER)
performance than the traditional DS-CDMA sys-
tem, regardless of the value of m. More specifi-
cally, provided that all these uplink users are in
a quasi-synchronous state (i.e., we have τmax =
2Tc and Lp = 4z), the LAS-CDMA scheme out-
performs the traditional DS-CDMA system
when communicating over different Nakagami
multipath fading channels.
Figure 6 shows the attainable performance of
these two systems for transmission over different
dispersive channels having Lp = 4 … 12 resolv-
able multipath components and assuming that Lr
= 3 of these components were combined by the
RAKE receiver. We can observe from Fig. 6 that
when the channel became more dispersive, the
LAS-CDMA system’s performance was signifi-
cantly degraded, and its gain over the traditional
DS-CDMA system was eroded. Nonetheless, the
LAS-CDMA scheme still outperformed the tra-
ditional DS-CDMA system, provided that the
users were in a quasi-synchronous state (i.e.,
when we had τmax = 2Tc). However, when Lp
was increased to 12, the LAS-CDMA system
retained only a moderate gain over the tradition-
al DS-CDMA arrangement even if it operated in
a quasi-synchronous scenario. The reason for
this performance erosion is that many of the
paths will be located outside the IFW when Lp is
high, and the auto-correlation as well as cross-
correlation of LS codes outside the IFW is high-
er than that of the classic random codes. Hence,
when Lp is high, LAS-CDMA inevitably encoun-
ters serious MAI and MPI.
LIMITATIONS OF SC LAS DS-CDMA
It was argued in [10] that in the context of broad-
band wireless mobile systems communicating in
diverse propagation environments, both single-
carrier DS-CDMA and MC-CDMA exhibit cer-
tain limitations. More specifically, in a classic
single-carrier DS-CDMA system, the number of
resolvable paths to be processed by the RAKE
receiver may become higher than the affordable
RAKE complexity. Furthermore, the 20 Mchips/s
SC LAS DS-CDAM system considered has a
chip-duration of 50ns and the corresponding 3-
chip IFW duration is 150ns. If we have a maxi-
mum delay-spread of TM = 3 mus, the number
of resolvable multipath components becomes Lp
= TM/Tc +1 = 21, but only three may fall
within the IFW, while the remaining 18 compo-
nents falling outside the IFW would inflict MAI
and MPI. Hence, the LAS codes may fail to sup-
press the MAI and MPI when the number of
resolvable paths becomes high, as seen in Fig. 6.
More explicitly, for a SC LAS DS-CDMA sys-
tem, the achievable performance is expected to
significantly degrade, as the chip rate increases
to 20 Mchips/s, for example.
Based on these arguments, we propose the
employment of LAS code based Multi-Carrier
DS-CDMA (MC LAS DS-CDMA) for a high
chip-rate system, where the chip-rate of the indi-
vidual subcarriers may be reduced by a factor
L
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nnnn Figure 5. BER vs. channel SNR performance comparison of random-code-
based classic CDMA and LAS CDMA, when communicating over different
Nakagami fading channels when using the system parameters summarized at
the top of the figure.
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corresponding to the number of subcarriers,
hence extending the chip-duration by the same
factor. This measure allows us to avoid having
multipath components outside the IFW. Fur-
thermore, it has the potential to guarantee that
the RAKE receiver will achieve path-diversity
when communicating over a dispersive channel
as well as suppressing both the MAI and multi-
path interference (MPI).
LAS-CODE-ASSISTED
MCDS-CDMA FOR
BROADBAND COMMUNICATIONS
It was also argued in [1, 10] that to a certain
extent MC DS-CDMA constitutes a trade-off
between SC DS-CDMA and MC-CDMA in
terms of the system’s architecture and its achiev-
able performance. MC DS-CDMA typically
requires lower-chip-rate spreading than SC DS-
CDMA due to employing multiple subcarriers.
Consequently, MC DS-CDMA typically requires
lower-rate signal processing than SC DS-CDMA.
However, MC DS-CDMA is more attractive
than an arbitrary ad hoc compromise multiple
access scheme positioned between SC DS-
CDMA and MC-CDMA, since it exhibits a num-
ber of advantageous properties that can be
exploited in the context of broadband MC DS-
CDMA designed for diverse propagation envi-
ronments. In [10] it was shown that MC
DS-CDMA has the highest degree of freedom in
the family of CDMA schemes, and this property
can be beneficially exploited during the system
design procedure. Below we investigate how the
specific parameters of MC DS-CDMA, which
determine the degree of design freedom, can be
adjusted to satisfy the requirements of diverse
propagation environments. Hence, given the
channel’s delay spread [Tm, TM], the number of
resolvable paths Lp encountered by SC LAS DS-
CDMA is TM/Tc +1. By contrast, the number
of resolvable paths Lp for MC LAS DS-CDMA
becomes TM/(UTc) +1, where U is the number
of subcarriers [10, 1]. Therefore, when the num-
ber of subcarriers is low, the corresponding
number of resolvable paths will be high, so the
orthogonality of the LAS codes is destroyed,
rendering them unable to suppress MAI and
MPI. In contrast, when the number of subcarri-
ers is high, for example, we have long chip dura-
tion and hence may have TM < Tc. In this case
we can maintain the orthogonality of the LAS
codes, but cannot achieve multipath diversity
because the number of resolvable components is
one. However, the number of subcarriers U may
be optimized for broadband CDMA communica-
tion [1]. More specifically, we guarantee that the
IFW of LAS codes retains its ability to suppress
both the MAI and MPI as well as maintain a
sufficiently high multipath diversity gain [1, 10],
which requires a U value resulting in exactly as
many multipath components as can be accom-
modated by the IFW.
Advantages — Based on appropriately select-
ing the system parameters, broadband MC LAS
DS-CDMA circumvents the problems encoun-
tered by SC LAS DS-CDMA. Specifically, broad-
band MC LAS DS-CDMA has a range of bene-
fits:
• Broadband MC LAS DS-CDMA is capable
of extending the width of the IFW of the
LAS codes, since the chip duration of the
individual subcarriers is increased by a fac-
nnnn Figure 6. BER vs. channel SNR performance comparison of random-code-
based classic CDMA and SC LAS CDMA when communicating over a dis-
persive Rayleigh-fading channel with m = 1. The number of resolvable paths
was Lp = 4, 6, 8, 12, respectively, when using the system parameters summa-
rized at the top of the figure.
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nnnn Figure 7. BER vs Eb/N0 performance of MC LAS DS-CDMA when we con-
sidered different numbers of subcarriers, U. The RAKE receiver combines Lr ≤
3 paths. The dispersion of the propagation environment considered was TM =
3 µs. Hence, the number of resolvable multipath components for U = 1, 8, 16,
32, 64 was Lp = 61, 8, 4, 2, 1 when using the system parameters summarized
at the top of the figure.
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tor corresponding to the number of subcar-
riers.
• Broadband MC LAS DS-CDMA benefits
from configuring the number of subcarriers
U such that the resultant number of resolv-
able multipath components is accommodat-
ed by the IFW without imposing MPI and
MAI, yet providing Lr-order multipath
diversity.
Disadvantages — However, MC LAS DS-
CDMA also has certain deficiencies [10]:
• Frequency offset problems may be encoun-
tered between the transmitter and receiver,
which results in intersubcarrier interference
(ICI) [11]. 
• The peak factor [11] of MC LAS DS-
CDMA is higher than that of the corre-
sponding SC LAS DS-CDMA system. 
The above design philosophy might be aug-
mented with the aid of an example. In Fig. 7 we
considered a system with a chip rate of 20
Mchips/s and a maximum delay spread of TM =
3 µs. From Fig. 7 we may conclude that the MC
LAS DS-CDMA system with U = 32 subcarriers
will achieve the best performance trade-off in
this scenario, resulting in two resolvable multi-
path components. Furthermore, Fig. 7 demon-
strated that the performance of SC LAS
DS-CDMA is significantly worse than that of
MC LAS DS-CDMA in the scenarios consid-
ered. In Fig. 7 we plotted the attainable BER
performance of the random-code-based bench-
mark and the MC LAS DS-CDMA system as a
function of the Nakagami fading parameter m.
From Fig. 8 we may conclude that when the
number of subcarriers is U = 8, these two sys-
tems achieve similar performance. However,
when the number of subcarriers is increased to
U = 32, the MC LAS DS-CDMA system signifi-
cantly outperformed the random-code-based MC
DS-CDMA arrangement in the investigated sce-
nario.
CONCLUSION
In conclusion, SC LAS DS-CDMA exhibited sig-
nificantly better performance than the tradition-
al random-code-based DS-CDMA benchmark
system in a relatively low-chip-rate scenario, pro-
vided that all users operate in a quasi-syn-
chronous manner. As the chip rate as well as the
number of resolvable paths increases, resulting
in multipath components generated outside the
IFW, the attainable performance degrades. MC
LAS DS-CDMA is flexible, exhibiting a high
degree of freedom, thus allowing us to circum-
vent the problems encountered by SC LAS DS-
CDMA. Furthermore, MC LAS-CDMA is
capable of communicating in diverse propaga-
tion environments, retaining its ability to achieve
multipath diversity, while suppressing MAI as
well as MPI. Given a specific spreading code
length, a limitation of the LAS-code-based sys-
tems is that the number of available LAS codes
is lower than that of Walsh-Hadamad codes, for
example. Although their number maybe
increased, say, by invoking the procedures pro-
posed in [3], nonetheless this limits the number
of users supported by the system, so further
research is required on mitigating this limitation.
A promising line of research is to allocate the
LAS codes on a near-instantaneous demand
basis, as in slotted ALOHA or packet reserva-
tion multiple access (PRMA).
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